The optic atrophy 1 (OPA1) protein is an essential protein involved in the fusion of the mitochondrial inner membrane. Despite its high level of expression, the role of OPA1 in the heart is largely unknown. We investigated the role of this protein in Opa1 +/2 mice, having a 50% reduction in OPA1 protein expression in cardiac tissue.
Introduction
Changes in mitochondrial morphology appear essential for the function or dysfunction of most tissues. Mitochondrial fusion and fission are highly regulated and tightly balanced processes. In mammalian cells, mitochondrial fission is regulated by dynamin-related protein 1 (DRP1) and its receptor FIS1 (fission-mediator protein 1) (for review, see Liesa et al. 1 ). In turn, mitochondrial fusion is mediated by two mitofusins (MFN1 and MFN2), 2 which are involved in outer membrane fusion, and OPA1 (optic atrophic type 1 protein), which is closely linked to the inner membrane. 3 Mutations of genes encoding these proteins lead to severe diseases, especially neurological disorders, such as Charcot-Marie-Tooth disease type 2A for Mfn2 or autosomal dominant inherited optic atrophy (DOA) for Opa1 mutations. 4 -7 OPA1 is a ubiquitously expressed protein 4, 8 and its level is particularly up-regulated in the heart. Because OPA1 is involved in the regulation of the dynamics of mitochondria that occupy 30% of the † Both authors contributed equally to this work. cardiac cell volume, OPA1 may play a role in cardiac energy metabolism. We have previously shown that the energetic transfer between mitochondria and energy-consumers performed by direct adenylic nucleotide channelling (DANC) 9 is closely related to the cell architecture and mitochondrial network. 10, 11 Finally, because decreased mitochondrial content and mitochondrial fragmentation are key features of cardiac diseases, 12, 13 alterations of mitochondrial morphology could be of major pathophysiological relevance. 14 Indeed, a heterozygous mutation of Opa1 in Drosophila 15 is associated with decreased heart rate and cardiac arrhythmia, suggesting that a loss of OPA1 could induce cardiac function abnormalities. Heart tubespecific knockdown of Opa1 also induces heart tube dilation with profound contractile impairment. 16 In heart failure, a decrease in OPA1 protein content associated with mitochondrial fragmentation 17 has been shown but the exact role of OPA1 depletion in the adult mammalian heart has not yet been assessed.
Recently, a mouse model carrying a splice mutation in the Opa1 gene leading to haploinsufficiency was described. 18, 19 While homozygous mutants die in utero, heterozygous mutants are viable but exhibit an age-dependent loss of retinal ganglion cells (characteristic of DOA) with a disorganization of the mitochondrial cristae. This mouse model thus appears to be of great interest in studying the role of OPA1 in mitochondrial morphology, organization, and function in the heart.
Methods
Supplementary methods are available in the Supplementary material online.
Animals
The B6;C3-Opa1 329 -355del mouse line (herein referred to as Opa1 +/2 ) has been described in details before. 18 -20 Basal cardiac phenotype was determined in 6-month-old male mice, while 10-week-old mice were submitted to transverse aortic constriction (TAC) to estimate the ability of mutated mouse hearts to adapt to pathological stress. Anaesthesia was induced by ip injection of ketamine (50 mg/kg) and xylazine (8 mg/kg). Aortic stenosis was induced by placing a silk suture around the aorta after thoracic incision. Age-matched controls underwent the same procedure without placement of suture. Mice were studied 6 weeks after surgery. All mice were anaesthetized by ip injection of pentobarbital (200 mg/kg). The depth of anaesthesia was checked by toe pinch before the start of surgery. After thoracotomy, the animals' hearts were excised and rinsed in ice-cold calcium-free Krebs solution equilibrated with 95% O 2 -5% CO 2 .
All experiments were performed in conformity with the European Community guiding principles in the care and use of animals (Directive 2010/63/EU of the European Parliament). Authorizations to conduct animal experiments were obtained from the French Ministère de l'Agriculture, de la Pêche et de l'Alimentation (no. 92-284, 27 June 2007).
Biochemical analysis
Frozen tissues were used to measure activities of total creatine kinase (CK), citrate synthase (CS), and mitochondrial complex I by standard spectrophotometric assays as previously described. 11 
Echocardiography
Transthoracic echocardiography was performed using a 12 MHz transducer (Vivid 7, General Electric Healthcare) under 2.5% isoflurane gas anaesthesia. Two-dimensional-guided (2D) M-mode echocardiography was used to determine wall thickness and left ventricular (LV) chamber volume at systole and diastole and contractile parameters, such as fractional shortening (FS) or ejection fraction (EF).
Cardiomyocyte isolation
Retrograde heart perfusion according to the Langendorff method was performed to isolate cardiomyocytes as previously shown. 21 The cells were plated onto dishes coated with laminin and were kept at room temperature for 2 h.
Morphological description of mitochondrial network by fluorescence microscopy
Freshly isolated cardiomyocytes were incubated for 45 min at room temperature with 500 nM Mito-Tracker Orange dye to label mitochondria and with 1 mM calcein to estimate global cell volume (Invitrogen). Threedimensional reconstruction was performed using the IMARIS software (Bitplane Company, Zurich, Switzerland).
Electron microscopy
Samples of LV papillary muscle from 6-month-old mice were prepared for electron microscopy as previously described. 10 
Analysis of in situ mitochondrial function
Mitochondrial respiration was studied in situ in saponin-permeabilized fibres, as previously described. 22 Fibres were exposed to increasing (ADP), and the ADP-stimulated respiration above basal oxygen consumption (V 0 ) was plotted to determine the apparent K m for ADP and the maximal respiration rate (V max ). The acceptor control ratio (ACR), an index of the oxidation-phosphorylation coupling, was calculated as V max /V 0 in the presence of glutamate/malate as substrates.
Estimation of energy transfer to sarcoplasmic reticulum and myofilaments
For measurements of sarcoplasmic reticulum (SR) and myofibrillar function, papillary muscle fibres were dissected and permeabilized for 30 min in saponin (50 mg/mL), as previously described. 9 The contribution of the energetic transfer system, the CK system, and the DANC to the provision of ATP for SR ATPase (SERCA) function, was estimated by measuring the SR calcium content in saponin-permeabilized fibres after loading under various energetic conditions, as previously described. 10, 11 The pMgATP/rigour tension relation was used to studying the ability of the different energetic systems to supply ATP for myosin ATPase. 23 
Mitochondrial permeability transition pore experiments
For permeability transition pore (PTP) experiments, fresh cardiomyocytes were co-loaded in culture medium with 5 mN Rhod-2 and 1 mN calcein (Invitrogen) for 45 min at room temperature and washed with culture medium solution.
In additional experiments, mitochondria from Opa1 +/+ and Opa1 +/2 were isolated according to 24 . Swelling and depolarization of mitochondria were monitored after Ca 2+ addition as described in 25 .
Quantitative RT -PCR
RNA was extracted with Trizol reagent (Invitrogen), and transcribed into cDNA with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, France). Real-time PCR was performed using TaqMan low density array technology (see Supplementary material online).
Statistical analysis
Values are expressed as means + SEM. The statistical significance of the difference between the Opa1 +/+ and Opa1 +/2 groups was estimated by Student's t-test, and when necessary by two-way ANOVA using the Newman -Keuls post hoc test. Values of P , 0.05 were considered significant.
OPA1 deficit and cardiac mitochondria 3. Results
Anatomical characteristics and heart function
The heterozygous mutation in Opa1 resulted in a 50% reduction in OPA1 protein ( Figure 1A ) in line with previous results. 18 Six-month-old Opa1 +/2 mice displayed normal body weight and growth ( Figure 1B ). There was no difference in heart weight between Opa1 +/+ and Opa1 +/2 mice ( Figure 1C ). The heart rate, LV end-diastolic and LV end-systolic volumes, as well as EF assessed by echocardiography, were normal in Opa1 +/2 ( Figure 1D-F) . Similarly, the contractile reserve, revealed by infusion of dobutamine (a b-adrenergic receptor agonist), was not compromised in Opa1 +/2 mice ( Figure 1G ). Thus, in adult Opa1 +/2 mice, cardiac function was normal and able to respond normally to an acute stimulation.
Cardiomyocyte ultrastructure and mitochondrial network organization
Compared with Opa1 +/+ , the mitochondrial network in Opa1 +/2 cardiomyocytes appeared to be more heterogeneous, with larger mitochondria and/or an increase in the number of mitochondrial clusters and an increase in volume dispersion (Figure 2A ). IMARIS analysis revealed that Opa1 +/2 cardiomyocyte and global mitochondrial volumes were identical to control ( Figure 2B and C). However, the distribution of mitochondrial volumes was shifted, with an increase in the percentage of large mitochondria (P , 0.01) and a decrease in the proportion of small mitochondria in Opa1 +/2 cardiomyocytes (P , 0.05) ( Figure 2E ). This is consistent with a decreased number of mitochondria per cell ( Figure 2D) . These results show that OPA1 partial deficiency affects the mitochondrial network morphology of adult cardiomyocytes by modifying the distribution and morphology of individual mitochondria rather than the global mitochondrial volume.
To describe more precisely the structure of Opa1 +/2 mitochondria, we performed detailed electron microscopic analysis of cardiac tissue. Compared with Opa1 +/+ hearts where mitochondria form regular rows that extended along myofibrils ( Figure 3A We confirmed by EM analysis an increase in the mean surface of individual mitochondria (Supplementary material online, Figure S1) , showing that the observed larger mitochondria observed in fluorescence were not clusters of small mitochondria, and that OPA1 partial deletion in the heart results in large mitochondria with incomplete fusion of inner membranes.
We also determined whether partial OPA1 deletion was accompanied by compensatory responses of other proteins involved in mitochondrial dynamics. Gene expression of Drp1, Fis1, Mfn1, and Mfn2 was similar between control and mutant mice (Supplementary material online, Figure S2 ), showing no modification at the transcription level. Western blot experiments also revealed no compensation at the protein level ( Figure 2F ).
Oxidative capacity and energy transfer between mitochondria and myofilaments
We investigated whether the decrease of OPA1 expression could alter the intrinsic mitochondrial function. Basal and maximal respirations (when complex I, complex I and II, or complex II alone was activated) were not significantly different between the two groups ( Figure 4A) . Consequently, the coupling between oxidation and phosphorylation did not show any notable difference ( Figure 4B ). The sensitivity of mitochondrial respiration to ADP was estimated with and without creatine to study the coupling of oxidative phosphorylation with mitochondrial creatine kinase (mi-CK). The K m for ADP without (K mADP ) and with creatine (K mADP+Cr ) was significantly lower in mutant mice ( Figure 4C) . However, the mi-CK functional efficacy assessed by K mADP /K mADP+Cr was not significantly different between the two groups (2.6 + 0.3 vs. 2.4 + 0.6). Finally, when respiration was measured with octanoyl carnitine as the substrate, Opa1 +/2 cardiac mitochondria were less able to oxidize lipids than those of control mice ( Figure 4D ).
We also determined whether factors involved in mitochondrial biogenesis (PGC-1a and b, NRF, TFAM, ERRa, PPARa), glucose transport (GLUT1 and 4), and b-oxidation (CPT1, MCAD, LCAD) were modified. Except for a small decrease in NRF1 and a small increase in TFAM, none of the mRNA levels of these genes was modified ( Figure 4E) . Similarly, activities of CS, complex I, and total CK were not significantly different in Opa1 +/2 mice compared with Opa1 +/+ mice ( Figure 4F) . Finally, the level of oxidative stress was similar in Opa1 +/2 and Opa1 +/+ mice as estimated by the Oxyblot kit and by measuring aconitase/fumarase activities, Hsp60 protein level, and SOD and GPX1 mRNA levels (Supplementary material online, Figure  S3 ). The same result was obtained for markers of autophagy which were not modified (Supplementary material online, Figure S4 ).
All these data demonstrate that down-regulation of OPA1 does not alter the respiratory capacity of mitochondria, oxidative stress status, or mitochondrial mass but may induce metabolic reprogramming at the level of substrate utilization.
Because energetic transfers, especially direct DANC between energy-producers (mitochondria) and energy-consumers (SERCA and ATPase of myofilaments), depend on the specific arrangement of the organelles in the cell, we measured energy transfer to SERCA in saponin-permeabilized ventricular fibres. The efficacy of each system (DANC or CK) was estimated relative to the efficacy of exogenous ATP only. The estimated maximal SR loading capacity under optimal energetic conditions in the presence of exogenous ATP, PCr, and working mitochondria was similar in both groups of mice. CK efficacy as well as DANC efficacy were also similar in Opa1 +/2 and Opa1 +/+ mice, suggesting that the adenine nucleotide channelling between mitochondria and SERCA was not altered by OPA1 deficiency (Figure 4G ). EM images obtained in transversal sections confirmed that there was also no apparent change in SR mitochondrial contacts (Supplementary material online, Figure S5 ).
The ability of these different energetic systems to support myosin-ATPase activity was then assessed by measuring the rigour tension developed by permeabilized fibres when the MgATP concentration was progressively decreased. The ability of DANC plus CK or CK alone to provide a high ATP/ADP ratio in the myofibrillar compartment was similar for the two groups ( Figure 4H ). However, DANC in Opa1 +/2 mice was significantly less efficient than in Opa1 +/+ mice: in Opa1 +/+ fibres, working mitochondria shifted pMgATP 50 for rigour by 1.36 + 0.09 units, whereas, in Opa1 +/2 fibres, this parameter was as low as 1.03 + 0.04 (P , 0.01). This showed that direct adenine nucleotide channelling from mitochondria to myosin ATPase was altered in hearts of Opa1 +/2 mice.
Mitochondrial Ca 21 retention capacity and permeability transition pore properties
The impact of partial Opa1 deficiency on the mitochondrial calcium retention capacity (CRC) and the PTP state was assessed in situ in OPA1 deficit and cardiac mitochondria permeabilized cardiomyocytes by fluorescence techniques. Following addition of 2 mM calcium, intra-mitochondrial [Ca 2+ ] progressively increased, as indicated by the rise in Rhod-2 fluorescence, until PTP opening-induced calcium loss from the mitochondrial matrix ( Figure 5A, upper panel) . Similarly, PTP opening provoked the release of intra-mitochondrial calcein, which induced a decrease in calcein fluorescence ( Figure 5A, lower panel) . The addition of cyclosporin A greatly reduced the leakage of calcein and Rhod-2 fluorescence, confirming that the observed phenomenon was indeed PTP opening. In comparison with Opa1 +/+ cardiomyocytes, Opa1 +/2 cells loaded more calcium and PTP opening was delayed ( Figure 5A  and B) . Statistical analysis demonstrated a significant increase in mitochondrial CRC in Opa1 +/2 cardiomyocytes and, consequently, a shift in the onset of Ca 2+ leakage from mitochondria ( Figure 5B, upper  panel) , suggesting a change in the probability of PTP opening. This finding was confirmed by the analysis of calcein traces, which showed a delay in calcein leak and PTP opening, as well as a decrease in the rate of calcein leak in Opa1 +/2 cardiomyocytes ( Figure 5B, lower panel) . These results demonstrated a link between mutation in Opa1 and changes in mitochondrial PTP function and mitochondrial CRC.
We confirmed these results using isolated mitochondria ( Figure 5C ). Swelling and depolarization of mitochondria were monitored after addition of 25 mM Ca 2+ . We observed no difference in the resting membrane potential, as assessed by Rhod123 fluorescence. Furthermore, after Ca 2+ the addition of, as in isolated permeabilized cardiomyocytes, a delay in the opening of mPTP in Opa1 +/2 mice was observed. Indeed, t 1/2 for depolarization and swelling curves were 8.7 + 0.7 and 10.4 + 0.8 min, respectively, in Opa1 +/+ , but increased to 22.0 + 4.7 and 24.0 + 4.4 min in Opa1 +/2 mice (P , 0.05). Thus, the modifications of PTP function were intrinsically linked to the lack of OPA1 in mitochondria.
Myocardial hypertrophy and myocardial dysfunction induced by pressure overload
To estimate the role of OPA1 in cardiac response to mechanical stress and to unmask possible loss in functional reserve, we performed echocardiographic analysis 6 weeks after TAC. In both sham groups (Opa1 +/+ -sham and Opa1 +/2 -sham), the heart weight/ body weight ratio ( Figure 6A) and parameters of the cardiac function ( Figure 6C-E) were similar. On the other hand, hearts from Opa1 +/2 -TAC mice showed an almost two-fold greater hypertrophy (+72%) than did Opa1 +/+ -TAC (+40%) ( Figure 6A) . The high level of hypertrophy was associated with significant alterations of cardiac function. In contrast to Opa1 +/+ hearts where TAC did not induce significant changes in the contractile indices (except in LV end-systolic volume), in the Opa1 +/2 group, TAC led to significant ventricular dilation, as shown by the increase in LV end-diastolic volume and ventricular dysfunction, evidenced by a decrease in end-systolic volume, and a 43% reduction in left ventricle FS ( Figure 6C-E) . The cardiac output index was also calculated, but no significant difference between groups was observed (Opa1 +/+ -sham: 2.18 + 0.23; Opa1 +/+ -TAC:
2.12 + 0.18; Opa1 +/2 -sham: 1.99 + 0.13; Opa1 +/2 -TAC: 1.87 + 0.17 mL/min/g). Indices of heart failure, such as pulmonary oedema, tended to appear in Opa1 +/2 mice ( Figure 6B) . As expected, markers of mitochondrial content or biogenesis (Supplementary material online, Table S2 ) were down-regulated, and markers of stress or fibrosis (Supplementary material online, Figure S6 ) were up-regulated by TAC, but no marked difference was observed between Opa1 +/2 and Opa1 +/+ mice. Taken together, this suggests that the heart of Opa1 +/2 mice have an increased sensitivity to mechanical stress.
Discussion
The role of OPA1 in the heart has been poorly explored, despite the high expression level of OPA1 and other dynamin-related proteins (DRPs) in this organ. 15 -17,26 -29 Adult cardiomyocytes are highly oxidative cells and possess a large amount of mitochondria. However, a fast dynamic of these organelles was not clearly demonstrated. 27 Obviously, this does not mean that DRPs are silent in the adult heart and/or have no important physiological roles in this organ. We thus investigated the consequences of the decreased OPA1 expression on the intracellular energetic pathways and mouse heart function. The present results show that, (i) OPA1 depletion induced mitochondrial network remodelling, while (ii) oxidative capacity and respiratory chain function were not altered, but (iii) direct channelling of ATP and ADP between mitochondria and myosin ATPases was reduced in mutant mice, and (iv) mitochondria of Opa1 +/2 mice accumulated more calcium and presented a delay in calcium-induced PTP opening, and finally (v) despite a normal cardiac function at basal state, the mutant mice were more sensitive to prolonged haemodynamic stress.
OPA1 down-regulation induced clear changes in mitochondrial morphology and cytoarchitecture. Indeed, in accordance with roles already attributed to OPA1, 30 we observed alterations of the mitochondrial cristae. However, unexpectedly, we observed heterogeneity in the mitochondrial size with the appearance of larger mitochondria OPA1 deficit and cardiac mitochondria in Opa1 +/2 cardiomyocytes. Although modifications of the mitochondrial network were expected, these results are surprising because several previous studies had shown that the down-regulation of proteins involved in fusion induces fragmentation of the mitochondria. 31 -33 However, our results are consistent with a recent study, showing that while Mfn2 KO mice exhibit mitochondrial fragmentation in neonatal cardiomyocytes, the opposite result, i.e. larger mitochondria, was observed in adult myocardium. 29 Thus, our results can be explained by the specific architectural constraints of the adult cardiomyocyte that limit mitochondrial movements in contrast to neonatal cardiac cells. Indeed, the adult cardiac cell is a paradigm of highly compartmentalized cells possessing a sophisticated subcellular architecture in which repeated arrays of sarcomeres, T-tubules, SR, and mitochondria interact. Therefore, it appears that a deficit in fusion protein may result in incomplete fusion in a complex cell type such as the adult cardiomyocyte, and in fragmentation in a simpler cell model. It can be proposed that, in a constrained environment, a deficit in OPA1, by impairing fusion of inner mitochondrial membranes, would compromise further fission mechanisms.
A primary consequence of mitochondrial morphology alterations was a decrease in the K m for ADP in Opa1 +/2 mice, which could result from disturbances in the cell architecture, 34 leading to weaker interactions between mitochondria and the surrounding organelles, such that mitochondria are more open to the cytosol. 10 A second consequence is an impairment of energy transfer between mitochondria and myofilaments. 9, 11 Indeed, our results show, for the first time, that a mere perturbation of the mitochondrial morphology may impair adenine nucleotide compartmentation, thereby confirming a link between cellular architecture and energy fluxes. 10, 11 In the heart, the local energy-providing systems (DANC and CK) are redundant and therefore alterations in DANC have no major impact on basal cardiac function. 9 However, under conditions of chronic stress, deficient energy transfer may have a deleterious impact on cardiac function. 10, 23 In the heart of Opa1 +/2 mice, mitochondrial oxidative capacities and respiratory chain complexes were not changed. Similarly, in leucocytes from ADOA patients, which exhibit only a partial loss of OPA1 expression, no alteration in mitochondrial oxidative capacity was observed. 35 However, almost complete loss of OPA1 resulted in severely altered mitochondrial respiration. 36 The only change in metabolic phenotype found in the present study was an alteration of free fatty acid utilization by mitochondria. The mechanism responsible for this alteration is not clear. b-Oxidation does not seem to be involved because MCAD or LCAD RNAs were not modified. One can hypothesize that lack of OPA1 could disturb the organization of mitochondrial inner membranes and thus affect the transport of free fatty acids in the matrix. Alternatively, mitochondrial Ca 2+ flux modifications, due to altered PTP properties (see below), can also affect metabolic substrate utilization. 37 The most unexpected effect of OPA1 deficiency is related to PTP function and the mitochondrial CRC. Using Rhod-2 and calcein, we observed higher CRC and a delayed PTP opening under calcium stimulation. Interestingly, Mfn2 KO mice presented the same characteristics 29 suggesting a link between PTP function and DRPs. Various hypotheses can be proposed to explain how OPA1 can influence PTP function and enhance the capacity for Ca 2+ retention. Firstly, because mitochondria from Opa1 +/2 mice are larger, they could, in principle, load more calcium, 28, 38, 39 but recent results suggest that a direct relationship between mitochondrial volume and the Ca 2+ uptake capacity is unlikely. 29 Secondly, because OPA1 is located in the inner mitochondrial membrane and participates in the organization of mitochondrial cristae, 30 loss of this protein could disorganize the environment of the inter-membrane space and disturb the downstream signalling events. 3, 40 In this regard, the PTP, which needs the proximity of the mitochondrial internal and external membranes to form, could be sensitive to OPA1 deletion and cristae disorganization. Finally, one cannot exclude that, due to its location, OPA1 could be a structural part of the supramolecular complex that forms the PTP.
A higher CRC and delayed PTP opening have been described as a cardioprotective mechanism against ischaemia/reperfusion injury. 28, 29 However, we hypothesize that, in our model, these mitochondrial characteristics can be detrimental to the heart. Indeed, the TAC-induced haemodynamic stress resulted in greater cardiac hypertrophy and chamber dilation, and lower FS in Opa1 +/2 mice. In both strains at this stage; however, the cardiac output index was still maintained due to the chamber enlargement. One possible explanation for the increased remodelling in Opa1 +/2 mice is the lower sensitivity of PTP to calcium accumulation in the mitochondrial matrix, which could induce mitochondrial calcium overload. Indeed, it has suggested that higher intra-mitochondrial calcium content would reduce the metabolic reserve capacity of the heart. 37 Another possibility could be the partial loss of DANC efficacy found in our study. Finally, it is reasonable to suggest that the impairment of the mitochondrial dynamics does not allow an appropriate and homogeneous adaptation of the mitochondrial network to the increase in the energetic demand of stress, thereby exacerbating cardiac remodelling.
OPA1 has been proposed to be involved in the organization of cristae, and its deletion could modify the propensity of mitochondria to release cytochrome c. However, the correlation between the PTP, the morphology of cristae and the release of cytochrome c, is not straightforward. 41 Further experiments are needed to address this important issue.
In conclusion, we have established that the decreased expression of the OPA1 protein in a mouse model mimicking human ADOA disease has consequences for the morphology of mitochondria and for energetic transfers between organelles, as well as for mitochondrial CRC and PTP properties. These alterations could explain the sensitization of the heart to haemodynamic stress and show that OPA1 plays an important role in cardiac physiology.
